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Polaritons enable the resonant coupling of excitons and photons to vibrations in the application-
relevant super high frequency (SHF, 3-30 GHz) domain. We introduce a novel platform for coherent
optomechanics based on the coupling of exciton-polaritons and electrically driven SHF longitudi-
nal acoustic phonons confined within the spacer region of a planar Bragg microcavity.An intrinsic
property of the microcavity platform is the back-feeding of phonons via reflections at the sample
boundaries, which enables frequency × quality factors products exceeding 1014 Hz as well as huge
modulation amplitudes of the optical transition energies (up to 8 meV). We show that the mod-
ulation is dominated by the phonon-induced energy shifts of the excitonic polariton component,
thus leading to an oscillatory transition between the regimes of weak and strong light-matter cou-
pling. These results open the way for polariton-based coherent optomechanics in the non-adiabatic,
side-band-resolved regime of coherent control.
I. INTRODUCTION
The coherent coupling between photons and mechan-
ical vibrations (termed optomechanics [1]) has experi-
enced substantial theoretical and experimental advances
since the initial investigations of parametric instabili-
ties in Fabry-Perot interferometers [2] and of the co-
herent optical excitation of mechanical motion in MHz
range [3]. In particular, the demonstration of the strong
optomechanical coupling in the MHz range [4], laser cool-
ing of a microcavity (MC) to the mechanical ground
state [5], quantum-coherent coupling of NIR photons and
MHz phonons [6], and optomechanically induced trans-
parency [7] constitute important landmarks in this field.
The strong-coupling between photons and quantum
well excitons results in MC exciton-polariton (MP) quasi-
particles, which inherit the photon-like low effective mass
and long-range spatial coherence from the photonic com-
ponent as well as the strong exciton-like nonlinearities [8].
MPs are solid-state analogues to ultra-cold atoms ex-
hibing Bose-Einstein condensation (BEC) [9], bistabil-
ity and quantum correlations in the 10-300 K tempera-
ture range [10]. The strength of the polariton interac-
tion with vibrations normally exceeds the one for pho-
tons since the photon-related radiation pressure mecha-
nism becomes complemented by the strong deformation
potential modulation of the excitonic resonances. [11]
The acoustic modulation of MPs has so far only been
demonstrated for sub-GHz monochromatic strain fields
induced by electrically excited surface acoustic waves
(SAWs) [12] and for transient strain fields with frequen-
cies in the several-GHz to THz range produced by short
laser pulses [13]. In the latter case, one can potentially
reach the non-adiabatic regime, where the phonon energy
quantum exceeds both the phonon (Γa = ~ωa/Qa) and
polariton (Γpol = ~ωpol/Qpol) decoherence rates, thus
leading to side bands in the optical spectrum shifted by
multiples of the phonon energy. [14, 15]. In the previous
expressions, ~ωi and Qi denote the energy and quality
factor of the polariton (i = pol) and phonon (i = a)
resonances, respectively.
MP optomechanics profits from the ability of pla-
nar (Al,Ga)As MCs to confine simultaneously light and
phonons within the same spatial region.[16–18]. The lat-
ter relies on the approximately constant ratio between
the impedances and propagation velocities for light and
sound in AlxGa1-xAs alloys with different compositions
x [17]. As a consequence of the higher optical velocities,
an (Al,Ga)As-based MC designed for near-IR photons
also confines longitudinal acoustic phonons in the form of
GHz bulk acoustic waves (BAWs) [17]. The resonant en-
hancement of the optomechanical coupling in these MCs
was demonstrated in Refs. 12 and 19 and attributed to
the large photoelastic coupling at the MP resonances [20].
Previous optomechanical studies in planar MCs mostly
employed phonons in the form of electrically excited,
sub-GHz SAWs [22] or BAWs in the GHz range stim-
ulated either thermally or optically using short optical
pulses. Here, we introduce a platform for electrically
driven MP optomechanics in the SHF region (3-20 GHz)
based on phonon generation and detection using high-
frequency BAW resonators (BAWRs). BAWRs enable
acoustic echo spectroscopy with a very high (over 90 dB)
dynamic range [21]. The latter is important to unveil
the distribution of the acoustic field within the samples,
which results from the resonant coupling of BAWs modes
confined in three coupled acoustic cavities: the main one
within the MC spacer, a surface cavity between the up-
per and lower distributed Bragg reflectors (DBRs) and a
bulk cavity formed by the front and back surfaces of the
wafer. The coupling enables the back-feeding of BAWs
into the main cavity, thus resulting in acoustic quality
factors Qa’s significantly higher than the ones expected
from the DBR acoustic reflectivity as well as in frequency
× Qa products exceeding 1014. The strong acoustic field
in the QW region induces a huge modulation of the MP
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2FIG. 1. Hybrid microcavity (MC) for polaritons and phonons. (a) Schematic cross-section of Sample A showing
the spatial distribution of photon (red-shared region) and exciton-polariton fields (yellow). oDBR and aoDBR stand for the
distributed Bragg reflectors (DBRs) acting as optical and acoustic mirrors, respectively. Longitudinal bulk acoustic waves
(BAWs) are generated by a ring-shaped bulk acoustic wave resonator (BAWR) driven by rf-voltage. The ring-shaped BAWR
has an aperture for laser excitation of the MC. (b)-(c) Profiles for the acoustic displacement field |u| calculated for the mode
localized (b) at the sample surface (mode with fS = 6.36 GHz) and (c) at the MC spacer [fMC = 6.83 GHz, cf. thick arrows in
(d)]. (d) s11 rf-scattering parameter of the BAWR (thick red curve) and calculated s11 profiles for different thicknesses dZnO of
the piezoelectric ZnO layer of the BAWR varying from 300 nm (bottom curve) to 180 nm (top curve) in steps of 20 nm (thin
black lines). The calculations were done according to the procedure outlined in Ref. [21]. The colored area in (d) indicates the
spectral extent of the acoustic stopband of the MC.
energies, which reaches amplitudes (up to 8 meV) far ex-
ceeding the light-matter Rabi coupling. We show that the
large energy modulation arises from the deformation po-
tential coupling to the MP excitonic components, which
leads to an oscillatory transition between the regimes of
weak and strong light-matter coupling at GHz frequen-
cies.
II. RESULTS AND DISCUSSION
The studies were carried out on hybrid (Al,Ga)As MCs
designed to simultaneous confine polaritons and phonons
within the spacer region containing two (In,Ga)As quan-
tum wells (see Methods). We first present results for a
MC designed for optical and phonon wavelengths λo =
850/nGaAs nm and λa = 3λo, respectively, where nGaAs
is the GaAs refractive index [Sample A, Fig. 1(a)]. This
sample simultaneously confines in the MC spacer pho-
tons with a wavelength of 850 nm and phonons with a
frequency of approximately 7 GHz. The acousto-optical
distributed Bragg reflector (aoDBR) acts as a first-order
and third-order grating for phonons and photons, respec-
tively. The optical DBR (oBDR) provides the additional
optical confinement required to achieve the strong cou-
pling regime. The BAWs were electrically excited by a
BAWR with ring-shaped electrodes. This design helps to
concentrate the acoustic field at the aperture center and
provides optical access to the spacer region (cf. Supple-
mentary Material, Sec. SM4).
The thick red line in Fig. 1(d) displays the measured
s11 rf-scattering for the BAWR (corresponding to the rf
power reflection coefficient) over a frequency range cov-
ering the acoustic stopband region of the aoDBR. Two
resonances (denoted as MC and S) are found within the
stopband range. The thin curves are the finite-element
calculations of the s11 response for varying thicknesses
dZnO of the ZnO layer, which accurately reproduce the
measured response for nominal thickness dZnO = 240 nm
(thick line) [21, 23]. While the MC-mode is essentially
insensitive to dZnO, the S-mode shifts towards lower fre-
quencies with decreasing dZnO. This behavior arises from
the fact that the S-mode is confined between the upper
aoDBR and the BAWR surface, while the MC-mode is
concentrated in-between aoDBRs, as illustrated by the
calculated mode profiles of Figs. 1(b) and 1(c), respec-
tively.
The time response obtained via a Fourier transforma-
tion of the s11 over the frequency range of the acoustic
stopband yields additional information about the inter-
play between the acoustic modes [cf. Fig. 2(a)]. The time
trace is characterized by an exponentially decaying signal
at short times [< 100 ns, denoted as TG1 in Fig. 2(a)]
followed by a series of echoes delayed by trt= 151 ± 1 ns
(region TG2). The echoes are associated with round-trips
of BAWs reflected at the backside of the double-polished
3FIG. 2. Acousto-electric response of a hybrid MC at 10
K. (a) Time-dependence of rf BAWR reflection of Sample A
determined from the spectral response of the s11 rf-scattering
parameter in the 5.5-7.5 GHz spectral range. The multiple
acoustic echoes ri (i = 1 to 5) result from acoustic reflections
at the back surface of the substrate. (b) Spectral dependence
of the echoes within the time ranges TG1 (0-100 ns, pink) and
TG2 (150-550 ns, green, encompassing three acoustic echoes)
defined in (a). The grey area is the stopband range. Two
acoustic modes can be seen within the stopband for the TG2
(see text for discussion). (c)-(e) Close-ups of the green curve
in (b) highlighting the frequency comb with spacing ∆fSub =
6.4 MHz.
GaAs substrate. Indeed, by taking the LA phonon veloc-
ity in GaAs v
LA
= 4.7 µm/ns and the nominal substrate
thickness d
sub
= 350 ± 20 µm, one obtains a round-trip
time delay 2dsub/vLA = 149± 15 ns, matching the value
of trt. Although only 5 reflections are shown in Fig. 2(a),
up to 9 echoes could be detected thus yielding a BAW
lifetime exceeding 0.3 µs.
The spectral contributions of the individual acoustic
cavities can be identified by an inverse Fourier transfor-
mation of the time trace in Fig. 2(a) within the TG1 and
TG2 delay regions [cf. spectra s11,TG displayed Fig. 2(b)].
The acoustic response at short times (TG1 range) is dom-
inated by a single strong resonance at fS = 6.46 GHz
corresponding to the surface cavity resonance mode of
Fig. 1(b). The confinement near the surface by the up-
per aoDBR also accounts for the long decay time of the
echos in Fig. 2(a), which far exceeds the short transit time
(∼ 1/fS = 0.15 ns) across the BAWR. The spectrum of
the TG2 time range shows two peaks (denoted as fS and
fMC) located on a wide background of low values of the
s11,TG response (gray-shaded background). The latter
is attributed to the acoustic stopband of the aoDBRs,
which can be detected due to the high dynamic range
and time resolution (or, equivalently, wide frequency re-
sponse) of the BAWRs. The two peaks at fS = 6.46 GHz
and fMC = 6.94 GHz are attributed to acoustic modes of
the surface (S) and the main (MC) cavities, respectively.
The absence of the mode at fMC in the spectrum for the
TG1 is likely due to the large background induced by in-
complete suppression of the electromagnetic contribution
at short echo delays.
A closer examination of the frequency response of
the TG
2
range reveals a frequency comb with the free
spectral range (FSR) ∆fSub = 1/tr1 = 6.4 MHz [cf.
Figs. 2(c)-(e)]. The transmission through a Bragg res-
onator approaches unity close to the resonance frequency.
The resonance modes of the surface and main acoustic
cavities thus propagate through the whole structure. The
constructive interference of BAWs after multiple round-
trips results in the frequency comb – phonon backfeed-
ing. The quality factors of the comb resonances reach
values of Qa ≥ 2800 at 6.937 GHz, which are consider-
ably larger than the bare quality factor (Qa,MC = 172)
of the main cavity calculated from the reflectivity of the
aoDBRs. We show in Sec. SM2 that due to the phonon
back-feeding the effective acoustic quality factor becomes
Qa = Qa,Sub
(
1 + dsdSubQa,MC
)
, where Qa,Sub is the qual-
ity factor of the bare substrate and ds/dSub is the thick-
ness ratio between the MC spacer and the substrate. The
enhancement of the quality factor leads to a very large
Qa × f ∼ 2 ∗ 1013 Hz product for the comb resonances
around 6.94 GHz.
We now turn our attention to the interaction between
BAWs and MPs. The MPs result from the strong cou-
pling between the MC photons and excitons in the two
InGaAs QWs inserted into the MC spacer of Sample A
(see Methods and Sec. SM3).
The color map of Fig. 3(a) shows the time-integrated
polariton PL as a function of the applied rf-frequency.
The acoustic modulation induces an energy modulation
(of amplitude ∆E) as well as changes in PL intensity at
the comb frequencies. Figure 3(b) compares the spectral
dependence of ∆E with the electrical response S11,TG.
The PL comb is observed outside the DBR stopband as
well as at resonances fS and fMC within the stopband.
The spectral dependence of the energy modulation am-
plitude ∆E correlates very well with S11,TG. In par-
ticular, ∆E peaks at the main cavity resonance fMC ,
where the acoustic field becomes confined within the MC
spacer, thus increasing the interaction with QW excitons.
4Figure 4(d) displays spectral PL profiles around this fre-
quency. The sharp PL comb lines have an effective qual-
ity factor comparable to the one determined from the
S11,TG curves of Fig. 2(b). The PL energy modulation
reaches amplitudes up to ∆E = 8 meV, which exceed
several times the Rabi-splitting energy of approx. ΩRabi
= 2 meV (see Sec. SM3). Figure 4(e) shows that ∆E can
be continuously tuned by changing the rf-power applied
to the BAWR.
FIG. 3. Polariton-phonon interaction in a hybrid mi-
crocavity. (a) Spectral dependence of the photolumines-
cence on the rf-frequency for Sample A recorded at 10 K and
a nominal rf-power of 24 dBm. The acoustic stopband lim-
its are indicated by the vertical dashed lines. (b) Compari-
son of the time-gated S11 parameter of a similar device with
the acoustically-induced energy modulation amplitude of the
comb resonances ∆E(f), calculated with respect to the Eref
= 1464.3 meV (indicated in the panel-a with the horizontal
black dashed line).
In order to unveil the mechanisms responsible for the
phonon-induced modulation of the MP energies, we com-
pare in Figs. 4(a)-(c) time-averaged PL spectra of the
MC recorded at different temperatures in the absence
of acoustic excitation (thin blue lines) with the ones ac-
quired under the excitation at a comb frequency in the
fMC range (thick red lines). The InGaAs QWs in Sample
A are separated by a narrow (5 nm-thick) GaAs barrier,
which tunnel-couples their excitonic states to produce
bonding (X1) and anti-bonding resonances (X2). At tem-
peratures above 50 K, these states are red-shifted and
only weakly couple to the cavity resonance (C), giving
rise to the three PL peaks in Figs. 4(a) and (b) [further
details in Sec. SM3].
When the BAW is turned-on (red curves in Figs. 4(a)
and 4(b)), the sinusoidal modulation of the excitonic
energies with amplitude ∆E leads to two shoulders in
the time-averaged PL spectra shifted by ±∆E with re-
spect to the unperturbed excitonic energy (dotted ver-
tical blue lines that correspond to the unperturbed X1
excitonic resonances) [24]. The red-shifted shoulder is
much weaker than the blueshifted one (dotted vertical red
lines) since the large detuning between the excitonic and
photonic resonances reduces their coupling to the pho-
tonic mode. More importantly, the photonic mode (C
at 1465 meV) remains essentially unperturbed, thus in-
dicating that the energy modulation is dominated by the
strain-induced modulation of the excitonic resonances.
At lower temperatures, the excitonic lines blueshift and
strongly couple to the photonic mode to form the lower
(LP), middle (MP), and upper (UP) polariton states in-
dicated in Fig. 4(c) [cf. Sec. SM3]. The BAW-induced
energy modulation in Fig. 4(c) is sufficiently large to
blueshift the excitonic levels beyond the regime of the
strong coupling, thus leading to the appearance of a
shoulder at a huge blueshift of approximately ∆E =
8 meV [dotted vertical line in Fig. 4(c)].
The modulation of the exciton energy is attributed
to the deformation potential mechanism, which yields
∆E = (ah)ηsuzz,0. Here, ηsuzz,0 is the amplitude of the
strain field at the QW position, which is factor ηs ∼ 0.8
smaller than the amplitude uzz,0 of the strain field in
the MC spacer (see Sec. SM1), and ah ≈ 10 eV is the
hydrostatic deformation potential for electron-hole tran-
sitions [25]. From the ∆E value in Fig. 4(c) we obtain
ηsuzz,0 = 8 × 10−4. Since the amplitude of the phonon
displacement field uz,0zˆ is given by uz,0 = (λa/2pi)uzz,0,
the effective opto-mechanical coupling is estimated to be
geff = ∆E/uz,0 = (ηs2pi/λa)ah = 18 THz/nm.
Another interesting observation in Fig. 4 is the strong
increase of ∆E with decreasing temperature (T) for a
fixed rf-excitation [cf. symbols in lower inset of Fig. 4(d)].
In a recent study, we showed that the acoustic propaga-
tion losses increase with the temperature in similar GaAs
substrates [26]. The large increase in ∆E with decreas-
ing temperature is thus attributed to the reduction of
acoustic losses. Indeed, according to Eq. 7 of Ref. [21],
the effective acoustic absorption coefficient αeff doubles
when the temperature increases from 10 K to 65 K. Since
the amplitude of the acoustic field scales with 1/αeff , the
increased absorption correlates well with the two times
reduction of ∆E (from 7.5 meV to 3.5 meV) from 10 K
to 65 K, cf. inset of Fig. 4(c).
Finally, the MC-based optomechanical platform can
be straightforwardly scaled to higher phonon frequen-
cies. Here, one takes advantage of the fact that effec-
tive phonon absortion losses αeff at low temperatures re-
main approximately constant in the 3-30 GHz frequency
range, thus resulting in an increase of the quality factor
with frequency [21]. In the following, we present results
for a polariton MC with aoDBRs designed as first-order
reflectors for both photons and phonons with the same
wavelength λo = λa (Sample B, cf. Methods), resulting
in acoustic resonance frequencies close to 20 GHz [21].
The energy quanta of these phonons of 80 µeV is several
5FIG. 4. Modulation of polaritons by MC acoustic modes. Time-averaged PL spectra of Sample A recorded in the
absence (thin blue lines) and presence (thick red lines) of a BAW with frequency fBAW = 6.931 GHz recorded at (a) 65 K, (b)
50 K, and (c) 10 K. ∆E denotes the energy modulation amplitude of the excitonic levels. (d) rf-frequency dependence of the PL
recorded for a fixed rf-power Prf = 14 dBm applied to the BAWR at 10 K, corresponding the coupled linear power amplitude
P0.5BAW = 45 mW
0.5, showing the effects of the frequency comb with ∆fSub = 6.4 MHz. The inset displays the temperature (T)
dependence of the energy modulation amplitude ∆E. The dashed line in the inset is a guide to the eye. (e) Dependence of the
PL recorded for a fixed rf-frequency frf = 6.9312 GHz applied to the BAWR at 10 K on P
0.5
BAW .
times larger than the linewidth of the BECs in similar
samples [27, 28]. Thus, the demonstration of energy mod-
ulation amplitudes far exceeding the polariton linewidths
at these frequencies constitutes an important milestone
to reach the non-adiabatic, sideband-resolved modulation
regime.
The electrical response of this sample [cf. Fig. 5(a)]
displays the signatures of the surface (fS) and MC mode
(fMC) at a frequency approximately three times higher
than for Sample A, cf. Fig. 1(d). A detailed analysis
of the s11 response shows a frequency comb within the
fMC frequency range consisting of resonances with an
effective quality factor Qa = 6800 and a huge product
Qa× f ∼ 1.3∗1014 Hz [cf. Sec. SM2]. The ratio between
the effective quality factors of samples B and A of 2.4
compares reasonably well with the ratio of 2.8 between
their resonance frequencies.
Driving the BAWR within the fMC frequency range
(19.92–19.97 GHz) induces a comb of resonances in the
PL spectrum, as illustrated in Fig. 5(b), which modu-
lates the lower-polariton energies with an amplitude ∆E
up to 2 meV [cf. Fig. 5(c)], thus yielding strain ampli-
tudes uzz ≈ 1× 10−4 and geff = 50 THz/nm at 20 GHz.
The weaker modulation of the UP-polariton branch in
Sample B is attributed to its mostly photonic character,
cf. Fig. SM6.
III. CONCLUSIONS
In conclusion, we have demonstrated a novel plat-
form for electrically driven GHz exciton-polariton op-
tomechanics in the SHF range based on the coupling be-
tween MPs and electrically generated BAWs confined in a
planar MC. This platform profits, on the one hand, from
the long effective lifetimes of phonons confined in the MC,
where they are less susceptible to the degradation of the
quality factor due to the surface quality, thus yielding
Qa × f products in the SHF range exceeding 1014 Hz,
which are comparable to the highest values reported for
much lower vibration frequencies [1, 21, 29]. On the
other hand, it exploits the high sensitivity of the excitonic
resonances to confined strain fields, which enables the
modulation amplitudes of the MPs energies far exceed-
ing the light-matter coupling strength as well as effec-
tive optomechanical couplings in the geff ∼ 20 THz/nm
6FIG. 5. Optomechanical response of a hybrid MC
for 20 GHz BAWs. (a) s11 rf-scattering parameter for
Sample B showing the surface (fs = 19.6 GHz) and MC
(fMC ≈ 20 GHz) acoustic resonances. (b) The rf-frequency
dependence of the PL recorded for a fixed rf-power Prf =
24 dBm applied to the BAWR displaying the effect of the
BAW on the PL emission. (c) Time-averaged PL spectra
recorded at 10 K in the absence (thin blue line) and presence
(thick red line) of a BAW with frequency fBAW =19.926 GHz
[cf. red arrow in (b)]. LP and UP denote the exciton-like
and photon-like polariton brunches, respectively. All mea-
surements were carried out at 10 K.
range. As a prospect, the results open the way to reso-
nant optomechanics in the non-adiabatic, side-band lim-
ited regime using polariton condensates with spectral
linewidths considerably smaller (< 10 µeV) [27]) than the
ones for the sub-condensation regime reported here. In
particular, polariton linewidths below the inverse phonon
frequency will enable the study of interesting phenomena
such as mechanical self-oscillations and phonon lasing.
Finally, the recent developments in MC structures have
demonstrated the feasibility of zero-dimensional confine-
ment of polaritons [30, 31] and phonons [32] in struc-
tured MCs. Electrically driven, high frequency BAWs in
these structures thus provide access to the single-phonon
regime at temperatures (of ∼ 1 K) substantially larger
than for sub-GHz vibrations.
METHODS
The hybrid planar (Al,Ga)As MCs for the polariton-
phonon confinement [cf. Fig. 1(a)] were grown on GaAs
(001) substrates by molecular beam epitaxy. In Sample
A (cf. Fig. 1), the outer optical DBR (oDBR) stacks con-
sist of six pairs of λ/4-thick GaAs/Al0.85Ga0.15As layers
and provide optical confinement. Here, λ = λ0/ni is
the optical resonance wavelength in medium i with re-
fractive index ni for a free space wavelength of λ0 =
850 nm. The inner acoustic DBR (aoDBR) stacks ensure
acoustic as well as optical confinement. It consist of 10
GaAs/Al0.85Ga0.15As layer pairs with thickness per layer
of 3λ/4, thus acting as a first order acoustic DBR for lon-
gitudinal phonons with a center wavelength λa = 250 nm
and as a third order optical grating for a free space op-
tical wavelength λ0. The spacer region of Sample A
concurrently acts as an optical 5λ/2 and as an acous-
tic 2λa/2 MC spacer. This region embeds two 15 nm-
thick In0.04Ga0.96As quantum wells (QW) separated by
a 5 nm-thick GaAs barrier. The latter are positioned at
a depth corresponding to an antinode of both the opti-
cal and the acoustic strain fields inside the MC spacer
(see further details in Sec. SM1 of the Supplementary
Material, SM). Transfer matrix simulations were used to
estimate an optical quality factor Qo = 5600 and a Rabi
splitting ΩRabi = 4.3 meV at 10 K. The measured ΩRabi
is about 2 meV (cf. Sec. SM3). Simulations for the acous-
tic field yield a bare (i.e., neglecting BAW reflections at
sample borders, see below for details) acoustic quality
factor Qa = 172 at 6.9 GHz at 10 K.
Sample B consists of a 2λ/2 wide spacer including
a single, 15 nm thick In0.04Ga0.96As QW. The spacer
is sandwiched between DBRs with λ/4 layers, which
act as first order reflectors for 850 nm photons and
20 GHz phonons. The anti-nodes of the photon and
pnonon fields overlap at the QW position. The upper
and lower RBRs consists of 20 and 36 pairs of λ/4-thick
GaAs/Al0.85Ga0.15As, respectively. The sample is in the
strong-coupling regime at 10 K with Rabi-splitting en-
ergy ΩRabi = 3 meV, cf. Fig. SM6.
The BAWs were excited by bulk acoustic wave res-
onators (BAWRs) [21, 33] fabricated on the sample sur-
face, as illustrated schematically in Fig. 1(a). The active
region of the BAWRs on Sample A (Sample B) consists
of a nominally 260 nm-thick (70 nm for Sample B) tex-
tured ZnO film sputtered with the hexagonal c-axis ori-
ented perpendicular to the MC surface (these thickness
were chosen according to the studies in Ref. [21]). The
piezoelectric film is sandwiched between two 50 nm thick
metal contacts. A special feature of the BAWR design
is the ring-shape geometry with apertures in the bottom
7and top contacts for optical access to the underlying MC
(cf. Sec. SM4). The piezoelectrically active area is thus
defined by the overlap region of the top and bottom elec-
trodes. The electrical response of the BAWRs was mea-
sured using a vector network analyzer with time-gating
capabilities (cf. Sec. SM2).
The spatially-resolved photoluminescence (PL) mea-
surements were carried out at 10 K in a cryogenic (liquid
He) probe station. Optical excitation was provided by
a pulsed diode laser emitting at 635 nm with fluences
between 10 and 200 µW focused onto a 10×2 µm2 spot.
The PL was spectrally resolved using a single grating
spectrometer with resolution of 100 µeV and detected by
a liquid-nitrogen-cooled CCD detectors. The PL mea-
surements under acoustic excitation were carried out us-
ing the modulation technique described in Sec. SM5 [34],
which compensates for eventual thermal effects arising
from sample heating during the rf excitation. The typ-
ical PL acquisition times were between 1 and 30 s per
spectrum.
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SM1. FIELD DISTRIBUTION IN HYBRID MICROCAVITIES
The modulation of the quantum well (QW) energy levels by the strain field uzz = ∂u/∂z of the BAW is the
dominating mechanism determining the opto-mechanical coupling in these structures. Here, u = (0, 0, uz) is the BAW
displacement field as a function of the z coordinate perpendicular to the MC surface. Optimization of this coupling
requires, therefore, that the QWs embedded in the microcavity (MC) spacer are placed close to the anti-nodes of both
the optical and the acoustic strain fields.
It turns out that the requirement stated above can never be strictly satisfied. In AlxGa1-xAs alloys, the coincident
ratio between the light and sound velocities as well as between the inverse acoustic impedance is approximately
independent of the composition x mentioned in the main text also implies that the anti-nodes of the acoustic (uz )
and optical field (Fx, assumed to be polarized along the surface direction x) occur at the same z coordinate [17]. The
anti-nodes of uz are, however, nodes of uzz, thus implying in a vanishing modulation of the excitonic energy.
FIG. SM1. (a) Layer structure of the hybrid microcavity (Sample A). Depth profiles within the spacer region of the hybrid
microcavity of the (b) optical field Fx at the photonic resonance energy, where x is the polarization direction on the MC surface,
(c) refractive index, n, and (d) normalized acoustic strain field uzz for the acoustic resonance frequency fMC = 6.9. The green
band designates depth of the two quantum wells (QWs).
Fortunately, a very good matching of uzz and Fx can still be achieved in the hybrid MC of Sample A by slightly
displacing the QWs with respect to the anti-nodes of uzz. Figure SM1(b) and (d) shows calculations of the optical
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(Fx) and acoustic (uzz) field distributions within the spacer of the MC [cf. Fig. SM1(a)] carried out using a transfer
matrix approach. Figure SM1(c) shows, for reference, the depth modulation of refractive index n in the same regions
indicating the position of the QWs. These plots show that the anti-nodes of uzz coincide with the nodes of Fx. Note
that the separation between the QWs is much smaller than the wavelength of both the optical and acoustic fields, so
that they can be considered to be subjected to the approximately the same field amplitude. The middle z coordinate
of the two QWs is slightly shifted away from the anti-node of uzz to match an anti-node of Fx. The strain field at the
QWs is still about ηs = 80% of its maximum value, so that the small shift only marginally reduces the opto-electronic
coupling.
A similar approach was used in Sample B: this sample contains a single (In,Ga)As QW, which was slightly displaced
from the anti-nodes of the optical field to ensure a higher coupling to the acoustic field.
FIG. SM2. (a) Electrical response of the BAWR on Sample A at 300K. The red curve shows the s11 scattering parameter for
a BAWR on a bare GaAs substrate, while the blue one gives the response of a device on a MC (Sample A). Both devices have
nominally identical ZnO thickness of 260 nm. The gray-shaded area designates the spectral range of acoustic stopband created
by the aoDBR displayed Fig. 1(a) of the main text. The two modes within the stopband correspond to the MC acoustic mode
with fMC = 6.9 GHz and the surface mode fS = 6.4 GHz confined between the BAWR surface and the upper aoDBR. (b)
Simulated acoustic reflectivity of the MC with a BAWR device on its surface.
SM2. FREQUENCY RESPONSE OF BULK ACOUSTIC RESONATORS
Figure SM2(a) compares the frequency response of BAWRs deposited on a plain (001) GaAs substrate (red line)
with the one fabricated on top of the MC structure of Sample A. In the former case, the rf-frequency response is
dominated by a single broad resonance with a frequency bandwidth of approximately 1 GHz. On the surface of the
MC, the BAWR develops a frequency spectrum characterized by multiple resonances [cf. Fig. SM2(a)]. As discussed
in the main text, one can identify two acoustic modes – f
S
and f
MC
– both located within the acoustic stopband of
the MC. In this case, the ZnO thickness was larger than the nominal one of 260 nm, resulting in the MC acoustic
stopband localized on the shoulder of the BAWR peak [red line in Fig. SM2(a)]. The experimental results are in
agreement with the transfer-matrix simulations, cf. Fig. SM2(b) that accurately reproduce all spectral features of
acoustic response.
Figures SM3(a) and SM3(b) compare the electrical response of a BAWR on Sample B in the frequency and time
domains, respectively. The measurements were recorded on a BAWR with circular (rather than ring-shaped) electrodes
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- fAW (GHz) Qa,Sub Qa,MC Qa (calc) Qa
Sample A 7 3050 172 4100 2800
Sample B 20 8700 982 14500 6800
TABLE SM1. Measured [Qa] and estimated [Qa (calc)] acoustic quality factors from Eqs. SM1 and SM2 using ds = λSAW
and αeff = 8× 10−4 µm−1[21]. Qa,MC is the bare quality factor of the acoustic mode determined from the envelope of the s11
response of the BAWR. Qa,Sub is the quality factor of the bare substrate determined from αeff [cf. Eq. SM1].
with a diameter of 20 µm: at the high frequencies, the rf-response of these devices is stronger and much less noisier
than for the ring-shaped ones. In agreement with the results for the 7 GHz devices of Fig. SM2, the s11 spectra shows
a sharp dip associated with the MC mode (fMC) as well as echoes resulting from multiple reflections of the BAW
at the sample boundaries. The inset in Fig. SM3(a) displays the acoustic reflection s11,TG determined by Fourier
back-transforming the spectrum in (b) within the delay region of the acoustic echoes (i.e., for long delays). The
frequency comb within the fMC range contains sharp lines with a line width yielding an acoustic quality factor of
Qa = 6800.
Quality factor of the acoustic resonances
The propagation properties of SHF BAWs in GaAs (001) substrates at low temperatures has been studied in
Ref. 21. In these studies, the propagation losses have been expressed in terms of the effective amplitude absorption
coefficient αeff , which includes losses during both propagation and reflection at the sample boarders. Furthermore,
they have shown that the propagation losses at temperatures less than 20 K are mainly associated with losses during
reflection at the substrate surfaces. In this case, the effective power absorption fraction per round-trip can be written
as 2rb = 4αeffdSub, where rb is the power loss fraction per reflection and dSub denotes the substrate thickness. The Q
factor of the comb resonances in a bare GaAs substrate becomes:
Qa,Sub = 2
dSub
rbλSAW
=
1
2αeffλSAW
. (SM1)
The previous expression neglects BAW reabsortion by the BAWR. Since αeff remains constant within the SHF range,
QSub is expected to increase with the BAW frequency.
The previous analysis can be extended to the MC structures if the acoustic losses at the high-quality MC interfaces
can be neglected. In this case, the main effect of the MC is to increase the effective round trip length by Qa,MCds,
where ds denotes the thickness of the MC spacer and Qa,MC is the quality factor of the bare MC determined from the
reflection coefficient of the DBRs (i.e., by neglecting BAW back-feeding via to reflections at the sample boundaries).
The effective acoustic Q for the comb resonances becomes:
Qa = 2
dSub + dsQa,MC
rbλSAW
=
1
2αeffλSAW
(
1 +
ds
dSub
Qa,MC
)
= Qa,Sub
(
1 +
ds
dSub
Qa,MC
)
(SM2)
Note that for Qa,MC <<
dSub
ds
, Qa approaches the substrate quality factor, while for Qa,MC >>
dSub
ds
there is a
considerable enhancement of the quality factor due to acoustic confinement at the MC.
Table SM1 compares measured quality factors (Qa (exp)) for samples A and B with the values estimated (Qa) from
Eqs. SM1 and SM2 assuming ds = λSAW and αeff = 8×10−4 µm−1[21]. The latter yield the quality factors Qa,Sub for
the bare substrate listed in the thrid column of the table. In the estimations, we use the values for Qa,MC determined
from the envelope of the s11 response of the BAWR. The higher Qa for the 20 GHz MC is mainly due to the larger
Qa,MC arising from the larger number of acoustic DBR stacks. In general, the calculated Qa’s overestimated the
measured ones. This discrepancy may be due to the fact that the simple model presented above neglects losses at the
BAWR as well as at the MC interfaces.
SM3. TEMPERATURE DEPENDENCE OF THE OPTO-ELECTRONIC RESONANCES
The nature of the light-matter coupling in the MCs can be accessed by studying the temperature dependence of the
PL. Two InGaAs QWs in Sample A are (unintentionally) tunnel-coupled. This coupling produces excitonic bonding
(X1) and anti-bonding (X1) resonances, which are red-shifted with respect to the photonic mode (C) at temperature
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FIG. SM3. (a) Electrical response of the BAWR on Sample B measured at 10 K, as given by the s11 scattering parameter
recorded as a function of (a) frequency and (b) time. The inset in (a) displays the acoustic reflection s11,TG determined by
Fourier back-transforming the spectrum in (b) within the delay region of the acoustic echoes (i.e., for long delays). The curves
were acquired using a BAWR with circular (rather than ring-shaped) contacts with a diameter of 20 µm.
above 50 K. As a consequence, PL spectra recorded at temperatures above 50 K shows three branches, as illustrated
in Fig. SM3. As the temperature reduces , the excitonic resonances blue-shift and strongly couple to the photonic
mode, giving rise to the lower (LP), middle (MP), and upper (UP) polariton branches indicated in Fig. SM3(a).
The energy dispersion of the X1, X2, and C obtained from angular-resolved PL spectra and displayed Figs. SM3(b)-
(e) for different temperatures gives further evidence for the strong coupling between the excitonic and photonic
resonances. The momentum resolved maps of FIG. SM4 were measured by positioning the entrance slit of a single-
pass spectrometer in a plane conjugate to the Fourier (back focal) plane of the objective lens. At temperatures above
50 K the photonic resonance shows a strong dispersion, which contrast with the essentially flat dispersion of the
excitonic states. This behavior is typical for excitonic resonances in the regime of the weak-coupling to photonic
modes. At lower temperatures [cf. Figs. SM3(d)-(e)], all resonance lines are dispersive, thus showing that they couple
to form polaritons. By fitting the angular-resolved PL map at 10 K to a model of three coupled resonances, we obtain
a light-matter Rabi-splitting ΩRabi = 2± 0.3 meV.
SM4. LATERAL FIELD DISTRIBUTION IN RING-SHAPED BAWR
The results in the main text prove that the MCs confine BAWs in the direction perpendicular to the surface. Here,
we show that the ring geometry of the BAWR displayed in Fig. SM4(a) confines the acoustic field in the aperture for
light access, thus increasing the acoustic field while providing a favorable geometry for optical access to the active
region of the MCs (i.e., the MC spacer containing the QWs).
The investigations of the lateral distribution of the BAW field were carried out by exciting polaritons in Sample
A using a 631 nm pulsed laser diode focused onto the center of a BAWR aperture, as shown in Fig. SM4(a). The
MHz-pulsed electrical output of the laser diode controller was used to trigger the rf generator to deliver 1 ns pulse
trains of a few uW power to the BAWs. The PL signal was imaged on the slit of a single pass spectrometer, producing
spatially resolved PL spectra across the BAWR aperture. In order to rule out the heating effect we first measured PL
with acoustic (frf = 6.9247 GHz) and laser pulses driven out-of-phase. The corresponding image shows no spectral
modification of the PL collected within the confines of the BAWR aperture [cf. Fig. SM4(b)]. The studies were carried
out at 50 K, where the excitonic lines (X1 and X2 in Sample B) are red-shifted with respect to the phononic mode
(C). When the laser pulses are in phase with the rf ones (the in-phase condition), we observe a large spectral change
in the detected PL [cf. Fig. SM4(c)]. The most pronounced change is the apparent broadening of the spectrum due
the modulation of the excitonic resonances with an amplitude ∆E. A comparison of the out-of-phase and in-phase
spectra at the aperture center shows that the main changes arise from the acoustic energy modulation of the excitonic
levels with the amplitude ∆E indicated in the plot [cf. Fig. SM4(c)]. In addition, the acoustic modulation induces a
decrease of the time-integrated PL intensity since it, in average, energetically shifts the excitonic modes away from
the photonic resonance.
The dashed line in Fig. SM4(c) is a guide-to-the-eye following the maxima of the exciton-related PL intensity,
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FIG. SM4. Temperature dependence of the photoluminescence (PL) of the hybrid MC (Sample A). (a) Temperature depen-
dence of the PL spectrum. X1 and X2 are excitonic resonances of the coupled InGaAs QWs, which couple to the photonic (C)
mode of the MC to form the lower (LP), middle (MP) and upper (UP) states at low temperatures. Momentum resolved PL at
(b) 10 K, (c) 30 K, (d) 55 K and (e) 70 K. Below 50K the system is in the strong-coupling regime. The solid lines in (e) are three
coupled oscillator fits to the data. The dashed lines are bare energies. The fitted Rabi-splitting energy is Ω
Rabi
= 2± 0.3 meV.
which shows that that ∆E slight increases towards the center of the aperture, thus indicating that the ring-geometry
concentrates the acoustic field in the center of the aperture.
SM5. COMPENSATION FOR THERMAL EFFECTS IN THE SPECTROSCOPIC MEASUREMENTS
The rf excitation of the transducers induces sample heating. The S11 coefficient for the device in Fig. SM2(a) shows
that at fMC ≈ 6.9 GHz only about 12% of the applied rf-power is converted into coherent phonons and 88% are losses,
including heating. Since the temperature sensor in the measurement setup is not placed directly on the sample, it
cannot detect these changes. Alternatively, PL measurements allow to probe the temperature locally, because the
emission intensity and energy of the exciton depend strongly on the temperature. Figure SM4(a) shows that we can
detect temperature changes with an accuracy of 5 K.
In order to discriminate possible thermal effects arising from sample heating from the ones due to the coherent
modulation by the BAWs, the acoustic PL measurements were carried out in the following way [34]. The rf-generator
and the pulsed semiconductor laser-diode exciting the PL were triggered by a train of low frequency square pulses
(with frequencies between 1 to 10 kHz). To rule out the effect of temperature, the measurements were carried out
under two configurations for the relative phases between the pulse trains: (i) the in-phase condition, where the rf and
optical excitation are present at the same time; (ii) out-of-phase – no temporal overlap between the rf and optical
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FIG. SM5. Photoluminescence (PL) spectroscopy in the hybrid MC of Sample A with ring-shaped BAWR at 50 K. (a) Optical
micrograph of the ring-shaped BAWR indicating the 635 nm laser excitation spot focused at the center of the BAWR aperture.
(b)-(c) Maps of PL intensity as a function of energy (horizontal axis) and position along the slit (vertical axis) without (b)
and under BAW excitation of the acoustic MC mode f
MC
= 6.9247 GHz (c). These maps were recorded by collecting the PL
emitted within the dashed rectangle in (a). (d) Comparison of PL spectra recorded in the center of the BAWR aperture in the
absence (blue) and presence of the BAW (red). The spectra were produced by spatial integration over the regions delimited by
dashed lines in (b) and (c), respectively. ∆E is the energy amplitude modulation of the excitonic resonances.
pulses. Due to the high pulse frequency, the sample temperature is the same for the two situations. Thus, the out-
of-phase contains information about thermal phonons (heat). This method allowed us to rule out the temperature
contribution to the PL modulation shown in Fig. 4 on the main text.
Figure SM7 compares PL spectra of a device with rf off, rf in-phase and rf out-of-phase (see Methods). The in-
phase and out-of-phase are measured at the same resonant rf-frequency of 6.944 GHz and the same applied rf-power
of 14 dBm. Thus, the out-of-phase spectrum contains information about thermal phonons (heat). Comparison of the
rf off and rf out-of-phase shows that the effect of the heating is negligible compared to the strain-induced modulation.
For completeness, the green curve shows a PL spectrum recorded for the rf in-phase condition, which proves that the
changes induced by the acoustic modulation are completely different from the purely thermal ones.
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FIG. SM6. Spatial dispersion of photoluminescence of Sample B at 10 K. The white dashed lines represent calculated spatial
dispersion of bare cavity (C) and exciton (X) modes. The solid yellow lines are fits using two coupled oscillators model. The
fitted Rabi-splitting energy is Ω
Rabi
= 3± 0.5 meV.
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FIG. SM7. (a) Comparison of the PL under three different rf-conditions: (i) rf off, (ii) rf out-of-phase and (iii) rf in-phase.
The in-phase and out-of-phase are measured at the same resonant rf-frequency 6.944 GHz and the same applied rf-power 14
dBm.
